When a complex geometry is rotated in front of the thermal spray gun, the following kinematic parameters vary in a coupled fashion dictated by the geometry: Stand-off distance, spray angle and gun traverse speed. These fluctuations affect the conditions of particle impact with major implications on the coating's properties. This work aims to probe into the interplay and isolated effect of these parameters on vital coating characteristics in applications requiring variable stand-off distance and spray angles. WC-17Co powders are sprayed via HVOF on steel substrates in a set of experiments that simulates the spray process of a non-circular cross section, while it allows for individual control of the kinematic parameters. Comprehensive investigation of their influence is made on deposition rate, residual stresses, porosity and microhardness of the final coating. It was determined that oblique spray angles and long stand-off distances compromise the coating properties but in some cases, the interplay of the kinematic parameters produced non-linear behaviours. Microhardness is related negatively with oblique spray angles at short distances while a positive correlation emerges as the stand-off distance is increased. Porosity and residual stresses are sensitive to the spray angle only in relatively short stand-off distances.
Introduction
The past decades, hardmetals or cermet coatings have been successfully applied to protect parts that experience intense mechanical wear, erosion and corrosion in their working life. These coatings can be deposited via various thermal spray methods, of which, combustion methods such as HVOF and HVAF are preferred due to their high velocity gas streams at low deposition temperatures. This combination of spray parameters is vital in achieving dense coatings with minimum thermal decomposition and good bond strength with the substrate [1] [2] [3] . Conventionally, thermal spray processes are employed to coat large, axisymmetric components either by linear translation of the gun over the surface or by rotation of the part in front of the gun. However, there is an increasingly pressing demand to coat complex parts, either externally or internally. These parts are typically, non-symmetric and may possess edges, corners and curvature. Examples of such parts include turbine compressor blades, aircraft landing gear, water turbine blades, casting machine parts, forming tools, bolts and many other [4] . When coating a complex geometry via a line of sight process, such as thermal spray, there are fluctuations in (i) the angle of spray, (ii) the stand-off distance (SoD) between the nozzle and the substrate and (iii) gun traverse speed. These are defined as the spray kinematic parameters since they depend on the relative motion of the robot operating the spray gun and the coated surface and are major factors of the quality and characteristics of the final coating.
At the moment, when the shape of part is considered too complex to be thermally sprayed, an alternative is to be coated via hard chrome plating (HCP) in which coating is deposited isometrically on all surfaces via an electroplating bath. Yet, HCP does not pose a viable solution due to its toxicity, regulatory limitations and mediocre performance [5, 6] . Thermal sprayed hardmetal coatings are considered the most viable alternative for HCP due to their ability to produce coatings of better quality, low environmental footprint and ease of scaling up production [5] . Towards that end, it is crucial to extend the range of thermal spray applications in an economical and reliable manner.
Off-line programming of the industrial robots that control the spray guns is gaining popularity as an approach to achieve uniform and invariable coatings via thermal spray onto complex parts [7, 8] . This technique aims at maintaining the spray kinematic parameters stable during coating process. The main disadvantage of complex robot paths is increased process time per part and ultimately process cost. Even so, there are significant issues in achieving a near-net-shape and adequate consistency over the coated surface in an economically attractive manner [4] . Most often, these issues emerge from the complexity and small dimensions 
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Therefore, there is significant interest in the literature to deepen the understanding of the influence of spray kinematic parameters to coating properties. Even though there have been considerable efforts to study kinematic spray parameters in various thermal spray processes and powders [4, [9] [10] [11] [12] [13] [14] [15] [16] [17] , almost all of the precedent work examines the kinematic parameters in isolation from each other and the discussion revolves around their individual role in the coating process. Yet, this approach may produce misleading conclusions for real applications since the kinematic parameters always fluctuate simultaneously in a manner dictated by the geometry sprayed and the relative movement of the gun on the sprayed surface. In order to extend the capabilities of current thermal spray systems, attention should be given not only in the effect of angle, stand-off distance and traverse speed individually but also, on their interplay.
This work takes a different approach from the relevant literature, investigating the influence of kinematic parameters individually as well as their interplay (systemically) on several important coating properties. It is of interest to accurately define the space (Angle × SoD × Traverse speed) in which the effect of varying kinematic parameters during thermal spraying is not detrimental, considering the needs of the end application. This will ultimately provide another option in the hands of decision makers in thermal spray industry when considering the feasibility of thermal spray in new applications involving complex geometries. There are many complex components in applications that could benefit from thermal spray coatings, not necessarily requiring top coating performances. These cases could afford being thermally sprayed without the extra cost of off-line robot programming tailored to their shape. In this work, deposition efficiency (coating thickness), porosity, micro hardness, and residual stresses are examined as well as some elements of the coating microstructure.
Experimental

Feedstock
A commercially available agglomerate sintered powder of WC-17Co mass fraction (H.C. Starck, AMPERIT 526) [18] was used for the deposition of coatings. The detailed chemical composition and size distribution of the powder are presented in Table 1 . From the XRD spectrum of the feedstock powder only peaks from the primary phases, WC (hexagonal) and Co (FCC) were detected. The powder used shows the median size to equal about 18.9 μm. The measured particle size distribution ranges from 12.5 μm-28.1 μm at 10% and 90% of the cumulative respectively.
Substrate preparation & coating deposition
The coatings were deposited onto steel substrates of dimensions 160 × 80 × 3 mm 3 and one substrate of dimensions 214 × 80 × 3 mm 3 . The larger substrate was used for the rotational spray part of the experiment as described later on. The substrates where grit blasted with alumna particles of 46 μm at a distance of 100 mm, subsequently they were blasted with high pressure air and mechanically cleaned to remove any remaining grit on the surface. The samples were sprayed using Monitor Coatings (UK) HVOF torch which has been designed and built in-house. The patented technology (EP2411554A1) comprises of an isentropic plug nozzle to accelerate the exhaust gases to supersonic velocities reaching Mach 2.7. The torch uses a mixture of gas fuels and oxidisers. The process parameters for the gun were previously optimised in-house using Oseir's SprayWatch system for achieving the best microstructure, the highest microhardness and optimum deposition efficiency (Fig. 1, Table 2 ).
Experimental configuration
The dynamic behaviour of the kinematic parameters studied in this work stems from the rotation of a plate substrate around the spray gun's fixed position. This is a generic approach for the study of the case of spraying a complex geometry internally. When spraying a complex geometry via part rotation, the changes in the kinematic parameters are coupled with one another. This coupling is a function only of the shape, dimensions of the part and the gun position in regards to the axis of rotation. In that way, every different shape sprayed has its own specific combination of simultaneously changing kinematic parameters during part rotation. Two sets of experiments were conducted in order to produce results that exhibit the individual influence of each one of the kinematic parameters as well as their interplay.
First, a rectangular substrate was fixed on a turntable and rotated around the HVOF gun. The gun itself was fixed so that its nozzle was on the centre of rotation as seen in Fig. 2A , B. The minimum stand-off distance during rotation occurs at the centre point of the substrate where the spray plume hits it at 90°(small circle in Fig. 2B ). Respectively, the maximum SoD occurs at the edge of the rotating substrate where sprayed particles impact at an angle of 30°(large circle in Fig. 2B ). The minimum SoD was set at 120 mm which is the optimum spray distance of the used equipment/process parameters. The rotation speed was 40 rpm and the HVOF gun had a vertical velocity of 2 mm/s, this resulted in a steady vertical step between the passes (track pitch) of 3 mm. The spray process lasted for 20 cycles aiming to deposit 25 μm/cycle at 90°a nd 120 mm SoD. After the process, five sites (S1, S2, S3, S4 and S5) were marked on the specimen from its centre point to its edge indicating areas where the impact angle was 90°, 75°, 60°, 45°and 30°accord-ingly. Beyond the changing impact angle, each of those sites corresponded to different SoD and gun traverse speed as seen on Table 3 .
The second set of experiments was performed with the HVOF gun traversing linearly over the substrates as seen in Fig. 2C . The spray angle, SoD and Traverse speed were individually controlled. This allowed for studying the influence of each one, while the two others were held constant. Table 4 outlines twenty linear experiments conducted with traverse speed of 502 mm/s and three experiments with increasing gun traverse speed. The first twenty experiments in Table 4 aim to study the influence of SoD, spray angle and their interplay and the second part of three experiments to evaluate the effect of gun traverse speed. The increments in spray angles and SoDs were the same as the sites of interest taken from the rotating experiment (S1, S2, S3, S4 and S5) so that a comparison between them would be possible. The SoD of 124 mm (S2) was not included in the linear experiments because it was considered too close to 120 mm to produce any meaningful result. Examining the rotational experiment against the linear experiments, a comparison of the combined and individual influence of the spray kinematic parameters was possible.
Analysis methods
After the experiments were conducted, samples were cut and polished following a routine developed to minimize and carbide pullouts during polishing substituting the final stages of diamond polish with silica abrasive of 40 nm. Cross-sections of the samples were examined under the Optical Microscope (ZEISS Axiophot, Surrey UK) and SEM (JEOL, JSM-7100F, Surrey UK) equipped with Backscatter electron detector (BSC) and EDS analysis, comprehensive microstructural analysis of the coatings with SEM image analysis and phase composition of the coatings will take place in part B of this work. Porosity measurements were made with a standardized batch routine with the open source image analysis java software Image J developed in National Institutes of Health (USA). Five sites from each cross section were taken into Table 2 System characteristics (SprayWatch). account for the porosity results. Only pores above 0.5 μm were considered, matching the resolution limit of the optical microscope [19] . The microhardness was examined with a Vickers micro indenter (Future Tech, FM-100, Surrey UK) under a load of 300 g (HV 0.3
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). Ten measurements were taken per sample. The curvature of standard coated (SAE 1070) Almen strips was used as a qualitative indicator of the residual stresses in the coatings following the guidelines in [20] . Three Almen strips were used per experiment for all the linear experiments (Fig.  2C ). The Almen tests were only conducted in the linear experiments (translation of the gun over the coated surface) since the rotation of the Almen strips in front of the spray gun would introduce unexplored complexity in the method and render them incomparable with the literature. The error bars in the following figures indicate the 95% confidence interval except in porosity results, where they indicate the standard error from the measurements.
Results and discussion
Influence of spray kinematic parameters on deposition rate
The spray kinematic parameters have considerable impact on the deposition rate. In Fig. 3 , when the spray angle is decreased, the coating thickness shows a proportional decline in all the stand-off distances (SoD) examined except in the case of SoD 240 mm at 75°. It is generally accepted that the decline in coating thickness with decreasing angle is associated with the incremental division of the particle velocity vector to its normal (Vn) and tangential (Vt) components in respect of the substrate plane, as the spray angle is reduced [4, [9] [10] [11] . Fig. 4 shows the development of Vt as the spray angle is decreased and the corresponding losses from the Vn as well as their deriving kinetic energies. Only the normal component of impacting velocity is useful in terms of particle deformation and coating build-up, while the exact role of tangential velocity is not yet well understood and depends on the state of impact.
For the rotational substrate experiment (square data points in Fig.  3 ), where all of the kinematic parameters change according to Table 3 , at 90°coating thickness is 373 ± 6 μm and at 30°it is reduced to 71 ± 5 μm (80% reduction). On the other hand, the linear experiments remove the effect of gun traverse speed and probe into the interplay of stand-off distance and spray angle. At SoD of 120 mm, the decline in coating thickness from 90°to 30°is 58%, for SoD of 138 mm it is 53% and at SoDs of 170 mm and 240 mm it is 43% and 49% respectively. Looking at the effects of spray distance and spray angle in isolation, it is apparent that the negative influence of spray angle remains mostly the same in all the studied spray distances being responsible for approximately 50% loss of coating thickness from 90°to 30°. Only at the shortest distance of 120 mm deposition rate seems to be mildly more sensitive to spray angle. At the same time, coating thickness is positively affected by the increased spray distance gaining 12% from 120 mm to 138 mm and 17% from 120 mm to 240 mm at 90°. The influence of spray distance remains positive for all the studied angles.
These observations are attributed to the concurrent spatial evolution of the two fundamental factors that govern coating build-up, particle velocity and particle temperature at impact. It is known that for the equipment, powder feedstock and spray parameters used in this experiment, optimum impact conditions (maximum velocity with minimum dwell time in the hot gas) for the in-flight particles are reached approximately at SoD of 120 mm. Longer SoD translates to longer dwell time of particles in the hot gas which rises their temperature at impact [21, 22] . Meanwhile, particle velocity reaches and maintains a maximum value for a certain range after the 120 mm distance from the nozzle and then it starts to decline. When particles arrive at the substrate at higher temperatures, the critical velocity requirement for deformation and adhesion is lowered due to the enhanced plasticity related to high temperature [23] . This explains the increase of deposition rate with increasing SoDs, even in cases when the particle overall velocity is expected to be compromised as in the case of 240 mm stand-off distance.
Additionally, comparing the combined influence data points (square) with the linear experiments in Fig. 3 , the influence of traverse speed is demonstrated. While from 90°to 60°all the data points follow the same trend, at 45°and 30°the combined influence decline is intensified leading to the significant differences in percent coating thickness reduction between the rotational experiment and the rest. The steeper decline in coating thickness after 45°corresponds with what is seen in the traverse speed profile in Table 3 : traverse speed at 45°and 30°is double and quadruple the traverse speed at 90°while it only marginally increases at 75°and 60°. The isolated influence of traverse speed can be seen in Fig. 5 , the reduction in coating thickness is negatively related to the gun traverse speed and the results agree with [4] where for WC12Co and WSC-Fe powders the coating thickness decreases in a hyperbolic decline with increasing gun traverse speed.
In the case of 240 mm of SoD, at 75°, an exception is observed to the general trend, thickness is somewhat increased from the 90°case. A similar behaviour has been observed for WC-Co powders sprayed with HVOF in [10] and atmospheric plasma spray equipment in [4, 9] . In those cases, the gain in coating deposition rate at 75°-80°is justified by the initial tilting of the spray equipment (HVOF) and the slight skewness of the hot gas plume (APS). In all those cases, the argument made is that the actual 90°impact angle occurs when the gun was tilted 10-15°. However, in the present case none of the above justifications could be valid since this behaviour is only observed in the longest stand-off distance that is examined (240 mm) and the spray equipment and conditions were the same in all the experiments. It is seen at Fig. 4 that at 75°, 93% of particle's total kinetic energy stems from the normal component of velocity (Vn) and so contributes to the plastic deformation of solid particles, thus it is not reduced significantly from the 90°case. Meanwhile, at 240 mm SoD it is expected that a significant portion of the particles will impact the substrate at high temperature. It might be the case that at 75°the small tangential velocity developed (Fig. 4) has a beneficial role in the deposition efficiency of hot or semi-molten particles. Furthermore, the stagnation point where the jet streamlines dividing is no longer located at the jet centreline at 75°favouring smaller size particles to remain in the centreline of the plum in the vicinity of the substrate. This phenomenon will be further investigated in a following work.
Influence of spray kinematic parameters on residual stresses
The Almen method is used to measure the relative amount of residual stress imparted to the coating/substrate during spraying. The results from Almen strip and can be used as a qualitative indicator of the overall residual stress intensity at the coating-substrate system. Compressive residual stresses are vital in hardmetal coatings due to the associated enhancement in fatigue & wear performance [6, 24] on the other hand, tensile residual stresses should be avoided because they can facilitate crack formation, propagation and delamination within the coating [24, 25] .
The post-spray curvature of the Almen strip is a result of three sources of residual stresses. First, the quenching stresses which stem from the fast solidification (hence contraction) of splats once they have impacted and spread on the substrate or previously coated material. These stresses are always tensile since the solid contacting substrate or underline coating does not accommodate the splat's contraction [24, 26] . Secondly, the cooling stresses that result from the relative difference in thermal expansion coefficients between the coating and the substrate. These stresses arise during the cooling of the coating-substrate system that occurs post-spray (secondary cooling) and can be compressive or tensile, depending on the expansion coefficients of the coating and substrate material. Quenching and cooling stresses constitute the thermal stresses in the coating and overall, they can be tensile or compressive depending on the sign outcome of their addition [24, 26] . Finally, in the case of HVOF coatings, peening stresses become dominant to the thermal stresses, due to the relatively low deposition temperatures and high velocity of impacting particles [6, 26] . These stresses are compressive in nature and are transferred in the coating microstructure from the highly energetic solid particles that imping on the coating surface during deposition. They are beneficial to the wear performance of the final coating [6] and many times are considered a direct indicator of its overall quality.
The Almen strips showed a convex free coating surface curvature in all the experiments, indicating prevailing compressive residual stresses in the coatings. Fig. 6 shows the obtained deflection values of the Almen strips, normalized with the corresponding individual coating thicknesses [20] . Since this study aims at characterizing coating properties that result from spraying complex geometries, it applies the same spray cycles in all the experiments. This resulted to a wide range of coating thicknesses (Fig. 3) . Thus the raw curvature results are greatly affected by the coating thickness denominator. It is important to note that in relevant work that residual stresses are examined via the Almen strip method [11, 12, 16] , coatings are sprayed so that they have the same final thickness. This complicates the comparison with the literature, even after the normalization in respect to coating thickness since residual stresses vary through the thickness of HVOF coatings [27] . Thus, the observations that follow do not probe purely into the relation of the spray kinematic parameters and residual stresses, but also include the influence of second order (indirect) factors such as coating thickness. There was significant variance in some of the obtained results so Fig. 6 is valuable only in illustrating the general trends.
In the short stand-off distances (120, 138 mm), compressive residual stresses tend to be higher and more sensitive to the influence of spray angle. Conversely in longer SoDs (170, 240 mm) residual stresses are significantly reduced overall and do not show any meaningful dependence on the spray angle (Fig. 6 ). This find is in agreement with [16] where WC-Co-Cr coatings were HVOF sprayed at different stand-off distances. Regarding the effect of spray angle, the results for the 120 mm and 138 mm stand-off distances are in general agreement with [11, 12] , where WC-Co and Cr3C2-NiCr powders where sprayed via HVOF at oblique spray angles. The reduction of compressive residual stresses with oblique spray angle seen at 120 mm and 138 mm is associated with the reduction of the normal component of particle velocity (Vn) since it regulates the peening effect at low temperature solid-to-solid impacts [25] . However, this is not the case for longer SoDs, where the velocity component losses become less important due to the easier deformation of particles in high temperature. That is why at 170 mm and 240 mm no meaningful relation can be seen between residual stress intensity and spray angle.
From Fig. 6 , it can be presumed that stand-off distance has a more evident role in the development of residual stresses in the coating than spray angle, the same is observed in [16] . There is a clear distinction of the residual stresses levels of different spray distances with more compressive stresses being present in coatings sprayed at short distances and a decline in stress intensity as the spray distance increases.
Concerning the negative influence of SoD to the residual stresses, three factors come into play. First, the increased plasticity of hotter impinging particles impedes their ability to transfer peening stresses to the previously deposited layer. Second, the reduced peening effect due to the decline in particle velocity. Lastly, the decline of the coating-substrate temperature. It is expected that the thermal expansion coefficient of WC-Co (8.1 × 10
) is lower than of the steel Almen strip SAE 1070 (11.6 × 10 −6°C−1 ), thus cooling residual stresses are expected to be compressive. In shorter distances from the gun, the heat transfer from the hot jet to the coating-substrate is higher than in longer SoDs. That results in higher coating-substrate temperatures in short SoDs as compared to longer distances. In turn, higher coating-substrate temperatures, enhance the generation of compressive cooling stresses during secondary cooling of the coating system to room temperature. The residual stresses in the coatings appear not to have a clear behaviour trend in the range of gun traverse speed examined. As seen in Fig. 7 , compressive residual stresses are sharply intensified from 502 mm/s to 670 mm/s and then decline again until 2010 mm/s. Considering traverse speeds over 670 mm/s, the observed trend is in agreement with [16] , where HVOF coatings stress intensity is seen to be decreased from 1000 mm/s to 1700 mm/s. This is justified since at lower traverse speeds, longer dwell time of the hot gas on the substrate per unit length will lead to higher coating-substrate temperature which in turn, augments the compressive cooling stresses between WC-Co and steel. Given that stand-off distance and spray angle remain constant, the peening effect of impacting particles is not expected to be influenced by variations solely in traverse speed since the velocity of impacting particles and the gun traverse speed differ by more than two orders of magnitude. That is why the predominant way in which traverse speed (within a reasonable range of 5 μm to 45 μm/pass coating thickness) can influence the residual stresses is through its effect on cooling stresses.
With regards to the sharp rise of the residual stresses from 502 mm/s to 670 mm/s, such behaviour has not been observed in the literature and could be due to the very short standoff distance examined (120 mm) which, combined with low enough gun traverse speeds could lead to excessive heat transfer to the substrate and the previously deposited coating layers. In addition, in [16] , Almen strips are coated so that they have the same final thickness whereas in this study, the coating process was the same for all the experiments in terms of spray cycles. As a result, higher gun traverse speeds are reflected to thinner coatings (Fig. 5) . Like so, the behaviour of residual stresses with increasing traverse speed as seen in Fig. 7 does not correspond directly to the true stresses in the coating, rather, it includes the indirect effect of coating thickness in the Almen measurements, in spite of the normalization with thickness. Furthermore, the incline in stress intensity seen between the Almen strips sprayed at 502 mm/s and at 670 mm/s in Fig.  7 , can be disproved by the corresponding behaviour of microhardness seen in Fig. 9 . It would be expected that the behaviour of the compressive residual stresses would be largely reflected in the microhardness measurements. Fig. 8 shows the average porosity percentage (A) and pore count (B), for pores over 0.5 μm. Surface area considered 23,700 μm 2 . The very good agreement in the corresponding behaviour of the two graphs in all the SoDs, is an indicator that any observed change in porosity is due to a change in the number of individual pores and not due to a change in their size. This observation indicates that there is no evidence of significant shadowing effect in oblique spray angles, since shadowing would produce pores of variable sizes. Rather, the homogeneity in pore size in the examined samples suggests that the observed porosity is due to splat compaction issues. It is observed that even extreme angles of 30°porosity do not surpass 1%. This is mostly due to the disregard of any pores smaller than 0.5 μm and the specialized polishing routine employed that was developed to minimize any carbide pull-out from WC-Co coatings during polishing. It is generally accepted that the effect of spray angle on porosity and microstructure of the coatings is minor from 90°to 45°and it starts being important for angles smaller than 45°. Tillman et al. [10] studied the deposition of fine WC-12Co powders via HVOF and found the porosity levels fluctuated around the same level (2%) until 50°and intensified sharply after 40°.
Influence of spray kinematic parameters on porosity
The results for SoD of 138 mm and 170 mm exhibit a good agreement with what is observed in literature, showing a relatively insignificant incline from 90°to 45°and a sharp rise after 45°going from 0.3% at 45°to 0.7% and 0.77% at 30°respectively. Porosity levels at SoD of 120 mm seem to be mildly affected by the changing spray angle remaining in low levels, from 0.15% at 90°to 0.33% at 30°. At 240 mm, porosity is not affected at all by the spray angle and persists at a high level compared with the shorter spray distances (0.61% at 90°, 0.65% at 30°). The increase of porosity with longer stand-off distance is also observed in [15] where FeMnCrSi + Ni + B alloys are HVOF sprayed. The minor influence of spray angle in porosity observed in 120 mm and 240 mm can be explained by the more important influence of SoD at these ranges. The fact that minimum porosity is observed for all the spray angles at 120 mm SoD because even at extreme oblique angles there is significant peening effect (Fig. 6 ) from the incoming solid particles suppressing the formation of voids between the deposits and eliminating any inherent porosity in the powder particle. On the other hand, impinging, low temperature particles with not enough velocity (Vn) will rebound yet, transferring some peening stresses in the coating or eroding the previously deposited layer [26] . In this sense, when particles impact the substrate at low temperature solid state, spray angle acts as a binary discriminator between particles with adequate Vn to deform and build coating and less energetic particles that rebound or erode the coating. This mechanism can also explain the slightly higher sensitivity of deposition rate observed for the stand-off distance of 120 mm in Fig. 3 .
As the stand-off distance is increased and particles arrive hotter at their target, critical velocity requirement for deformation and coating build-up is progressively less demanding because particle plasticity is enhanced [23] . In that way, increasingly slower particles are able to deform and become part of the coating. This has three effects in the coating: (i) reduces particle compaction and contact between splats resulting in higher porosity (Fig. 8), (ii) reduction in peening stresses (Fig. 6 ) and (iii) increased deposition rate due to smaller number of particles bouncing back (Fig. 3) .
The distances of 138 mm and 170 mm showcase a clear dependence on the critical spray angle of 45°after which normal velocity (Vn) is reduced substantially but some hot enough, low velocity particles are able to adhere, transferring or introducing porosity, or both, in the coating microstructure. Finally, at 240 mm, particle velocities are low enough that coating formation occurs mostly via the mechanism described above, even at normal or slightly oblique spray angles. As a result, porosity levels are not related to spray angle and remain higher than the shorter SoD experiments, for all spray angles. The sites taken from the rotational experiment (square) demonstrate the combined influence of all the changing kinematic parameters simultaneously. It is demonstrated that porosity levels increase even in small oblique spray angles due to the associated concurrent increase in SoD. The traverse speed does not seem to affect porosity levels on its own.
Influence of spray kinematic parameters on microhardness
In Fig. 9 , the stand-off distances of 120 mm and 138 mm present a similar decline in microhardness as the spray angle becomes more oblique to the substrate. At 120 mm, at 90°the microhardness of the coating is 1365 HV at 30°(increase of 15%). The improvement in microhardness seems to take place at 75°where it is increased 10% from 90°. With respect to the measurement scatter, spray angles from 75°to 30°do not show significant effect on microhardness. It is the first time that this behaviour is demonstrated from an HVOF sprayed coating. The results of the first three stand-off distances studied (120 mm, 138 mm and 170 mm) are in agreement with observations from the relevant literature [11, 12] which are studies involving WCCo and Cr3C2-NiCr HVOF sprayed coatings. This correlation with literature suggests that the different behaviour seen at SoD of 240 mm is due to the increased temperature and reduced velocity of impacting particles associated with the long stand-off distance.
Looking at the evolution of microhardness with increasing SoD at 90°, it is seen that it is proportionally decreased with increasing standoff distance showing a 41% decrease from 120 mm to 240 mm. A reduction of microhardness with longer SoDs is also seen in [15] where a ferrous alloy is sprayed with HVOF but in that case the decline is stabilized after a point.
The results from the rotational experiment show a much more drastic decline in microhardness from 1339 HV 0.3 at S1 to 775 HV 0.3 at S5 (42%). As seen in Fig. 3 , the behaviour of the rotational experiment seems to be in very good agreement with the corresponding linear experiments until 60°. At 45 and 30°the reduction in microhardness is intensified due to the effect of high gun traverse speed. Indeed, in Fig. 10 the isolated effect of traverse speed to microhardness is plotted and it is seen that there is a mild negative correlation. Yet, the decrease in microhardness seen in Fig. 10 is not significant enough to justify the behaviour of the rotational experiment in Fig. 9 (solid square data points). The ways in which increased traverse speed can influence microhardness are two. First, faster traverse speed reduces the heat transfer to the coating-substrate system from the hot gas. In turn, this shortens the secondary cooling of the coating system to room temperature. This lowers the residual cooling stresses that are generated during the transition to room temperature, which in the case of WC-Co/steel are of compressive nature. This behaviour is observed in Fig. 7 , from 670 mm/s to 2010 mm/s. Secondly, traverse speed influences the deposition rate as seen in Fig. 5 . In extreme cases like in S5 where the high traverse speed leads to a final coating thickness of 71 μm, the microhardness measurement is affected. Along these lines, the observed difference in microhardness evolution between the linear experiments and the rotational experiment is not due to different microstructure of the coating but rather due to (i) the reduced compressive residual stresses and (ii) short coating thickness that are seen at S4 and S5 of the rotational experiment. In these ways, gun traverse speed influences indirectly microhardness.
The results of microhardness can be interpreted based on the results of porosity and residual stress that were discussed earlier. The sensitivity of microhardness to the negative effect of spray angle is maximum at short Stand-off distances and decreases progressively with longer distances. As with porosity and residual stresses, this is attributed to the great majority of the particles that hit the substrate at low temperature. The higher microhardness levels seen in short stand-off distances are validated by the corresponding higher residual stresses (Fig. 6 ) and lower porosity levels (Fig. 8) . Fig. 9 . Influence of spray angle to microhardness. Fig. 10 . Influence of gun traverse speed to microhardness.
Coatings sprayed at 240 mm are characterized by a severe degree of dissolution of WC particles. In Fig. 11 , a direct comparison between two individual carbides, one from the coating sprayed at 120 mm SoD and one from 240 mm SoD. Both coatings in Fig. 11 are sprayed at 90°. It can be seen that, while the carbide grain in Fig. 11A has retained its original edgy boundary, the carbide in Fig. 11B is surrounded by a W2C phase that has nucleated on the boundary of the initial WC grain. This process of semicarbide formation around the edges of decarburized WC grains is governed by the faster diffusion kinetics of carbon, as compared to tungsten, in molten cobalt and has been well documented in the literature that focuses in the decarburization of WC-Co [1] [2] [3] . This also, compromises microhardness and it will be discussed in detail in future work (Part B). The complete decarburization of smaller WC results into a higher percentage of nanocrystallized, cobalt rich matrix in the coating that is seen in the coatings sprayed with longer SoDs. This leads to the formation of large sites of Co-rich matrix, free from any carbide reinforcement (Fig. 12A, C) . It is seen that extreme oblique spray angles (and long SoDs) result into a more uniform distribution of those phases and neighbouring WC particles (Fig. 12B, D) . This could be the reason for the positive correlation of microhardness and increasingly oblique spray angles at 240 mm SoD. A related behaviour is observed in [12] , where the wear resistance of HVOF WC-Co coatings is enhanced at oblique spray angles in comparison to the normal spray angle. This is attributed to the better mixing of phases during oblique spray angles. However, in [12] the microhardness trend that is presented shows a reduction with oblique spraying angles and therefore disagrees with what is seen here for the case of 240 mm of spray distance. It may be the case that only when the particles are hot enough, the tangential velocity (Vt) of the impacting particles has a beneficial effect because it contributes to formation of splats with higher degree of elongation that, in turn, result to more uniform distribution of the phases/splats in the coatings surface and microstructure. Wear test results will be able to confirm this and will be discussed in future work (Part B).
Summary and conclusions
This work probes into the interplay and isolated effect of the kinematic spray parameters playing a vital role in the coating characteristics of applications requiring variable stand-off distance and spray angles. This work is unique since a new HVOF torch has been used allowing to investigate phenomena taking place when small stand-off distances are indispensable.
It is shown that particle velocity and temperature at impact have a fundamental role in influence and interplay of spray kinematic parameters during spray of complex geometries at short SoDs. Deposition rate is impeded by oblique spray angles showing similar levels of decrease in all the studied distances. On the other hand, deposition rate is positively related to stand-off distance due to the associated increase in particle temperature and corresponding decrease of the critical velocity for post-impact adhesion. Lastly, deposition rate follows a hyperbolic decline with increased traverse speed as expected.
Compressive residual stresses are higher in short SoDs, where particles tend to impact at low temperatures and high velocity. As the spray distance is increased, the peening intensity of the particles is hindered by the reduced particle velocity and increased particle temperature. Residual stresses in the coating are affected by spray angle only in short spray distances where the Vn of low temperature impacting particles dictates the peening stress transfer. It has been found that observed changes in porosity from the variation of spray kinematic parameters are predominantly due to different number of pores in the microstructure, not different pore size. Porosity levels are held minimum in short spray distances due to high peening stress transfer and increase with longer SoDs due to the associated reduction in the critical velocity criterion. For the same reason, porosity is insensitive to changes in spray angle at very long distances from the gun, since the transfer of peening stresses in the coating microstructure becomes relatively insignificant. Gun traverse speed does not influence porosity levels.
Maximum microhardness is obtained for the shortest SoD examined in this work, which corresponds to the optimum SoD, and normal spray angle. Increase in stand-off distance affects negatively microhardness as the peening stresses are reduced. Maximum sensitivity of microhardness to spray angle is seen in short stand-off distances, where it is negatively affected by oblique spray angles. This trend is progressively weakened and reversed with longer spray distances as the tangential velocity developed in oblique spray angles is beneficial to the distribution of carbides in splats of very hot or semi-molten impacting particles. Gun traverse speed affects negatively the microhardness in the coating via reduced cooling stresses and coating thickness.
